Dihydrofolate reductase (DHFR) from bacteria has a highly conserved Asp side chain in the active site cavity. Crystallographic analysis has shown that the active site Asp carboxyl hydrogen bonds to the N 3 imino and the 2-amino group of bound folate. Vertebrate DHFRs have a corresponding Glu, the side chain carboxyl of which interacts similarly with bound folate. The active site carboxyl was at first postulated to be the direct proton donor to bound substrate, but in the enzyme-substrate complex the carboxyl is on the wrong side of the pterin ring to be a donor. The carboxyl was subsequently postulated to be the indirect donor of a proton to bound substrate by a mechanism involving conversion of substrate to the enol tautomer. The rate of hydride transfer from NADPH to dihydrofolate in the ternary complex with DHFR of Escherichia coli is pH dependent with pK a -6.2. This has been proposed to indicate that the protonated carboxyl is necessary for protonation of N 5 of the substrate and that this must precede hydride transfer. The pK a of ~6.2 would accordingly be for the Asp or Glu side chain, despite the fact that the normal value is 4.5. However, we have previously (1) used ,5 N and "C NMR of DHFR-bound substrates to show that in binary complexes there is no detectable preprotonation (< 1%) even at pH 6.1. In further NMR studies with complexes of recombinant human DHFR (hDHFR) we have looked for evidence that: (a) the active site carboxyl (Glu 30 ) has a pK a of ~6.2; and (b) that bound substrate is converted to the enol tautomer.
Dihydrofolate reductase (DHFR) from bacteria has a highly conserved Asp side chain in the active site cavity. Crystallographic analysis has shown that the active site Asp carboxyl hydrogen bonds to the N 3 imino and the 2-amino group of bound folate. Vertebrate DHFRs have a corresponding Glu, the side chain carboxyl of which interacts similarly with bound folate. The active site carboxyl was at first postulated to be the direct proton donor to bound substrate, but in the enzyme-substrate complex the carboxyl is on the wrong side of the pterin ring to be a donor. The carboxyl was subsequently postulated to be the indirect donor of a proton to bound substrate by a mechanism involving conversion of substrate to the enol tautomer. The rate of hydride transfer from NADPH to dihydrofolate in the ternary complex with DHFR of Escherichia coli is pH dependent with pK a -6.2. This has been proposed to indicate that the protonated carboxyl is necessary for protonation of N 5 of the substrate and that this must precede hydride transfer. The pK a of ~6.2 would accordingly be for the Asp or Glu side chain, despite the fact that the normal value is 4.5. However, we have previously (1) used ,5 N and "C NMR of DHFR-bound substrates to show that in binary complexes there is no detectable preprotonation (< 1%) even at pH 6.1.
Enzyme: Dihydrofolate reductase (EC 1.5. 1.3) In further NMR studies with complexes of recombinant human DHFR (hDHFR) we have looked for evidence that: (a) the active site carboxyl (Glu 30 ) has a pK a of ~6.2; and (b) that bound substrate is converted to the enol tautomer.
15 N chemical shifts were measured for [2-amino,3-1:, N2]folate in the unbound state or bound to hDHFR. Over the pH range 7.5 to 9.5, there was a large change in chemical shift for N 3 of free folate due to ionization of the N 3 H-C 4 0 "amide" group. However, there was no change in shift of N 3 of folate bound to hDHFR over the pH range 5.8 to 9.5. Furthermore in these spectra, obtained with no proton decoupling, the N 3 resonance for bound folate was a doublet throughout the pH range. The absence of any change in chemical shift for N 3 of bound folate over the pH range 7.5 to 9.5 indicates that the pK a of the amide group of bound folate is increased by at least 2 pH units. This was confirmed by I3 C NMR of bound [2-13 C]folate. The splitting of the N 3 resonance of bound folate at all pH values indicates that its proton remains attached in the complex, ι. e. there is no conversion from the imino-keto form of the pterin ring to the enolic form.
There was negligible change in chemical shift for either N 3 or C 2 of labeled bound folate over the pH range 5.2 to 8. This is inconsistent with a pK a of ~6.2 for the carboxyl group hydrogen bonded to Ν 3 and the 2-amino group of the labeled pterin. An almost full unit change in charge of this group should be reflected in an easily measurable change in shift for the labeled nuclei. The 13 C shift for bound [2-n C]dihydrofolate changes slightly and almost linearly with pH between pH 4.8 and 6.8, so that it seems to reflect an effect of pH on the local net electrostatic potential and/or net magnetic field, rather than the change in ionization state of a nearby group with pK a 6.2.
In view of these results we checked the pH dependence of hydride transfer and of inhibitor binding for hDHFR. We chose trimethoprim as the inhibitor because ionization of the free ligand has a pK a of 7.2, well above pH 6.2. The bell-shaped curve relating pK D to pH indicated that the protonation of group(s) on the protein decreased binding with an apparent pK a of 6.0. The rate constants for dissociation of substrates from their binary complexes with hDHFR also increased with increasing pH, with apparent pK a The effect of pH on the rate of hydride transfer could not be measured for folate or dihydrofolate but could for 7,8-dihydro-6-propylpterin. As the pH was lowered from 9 to 5.8 the rate increased with apparent pK a 6.2, but then decreased with further decrease in pH. Thus, hDHFR shows similar pH dependence of inhibitor binding and of hydride transfer to that exhibited by E. coli DHFR.
Bajoreth, Kraut, Hagler and their colleagues have published calculations of electrostatic potential in E, coli DHFR (2), the electronic polarizing effect this electrostatic potential gradient has on bound substrates (3), and the resulting electron redistribution from π to σ orbitals in the bond to be reduced (4) . Such a mechanism of catalysis (rather than simple preprotonation of substrate) is much more consistent with our NMR data. It seems likely that the pK a of the active site carboxyl (Glu 30 ) is lower than 5.5, and that the observed pH effects on hydride transfer and ligand binding are not due to changes in the ionized state of this one group. Rather it seems probable that over the range 5.8 -9.5 changing pH alters slightly the net charge on many ionizable groups with a consequent change in the electrostatic potential distribution in the enzyme. This would result in observed effects on ligand binding and would cause quantitatively different electron redistribution in the bonds to be reduced, which would in turn affect the rate of hydride transfer.
The function of Glu 30 in hDHFR, or the corresponding Asp in bacterial DHFR, is therefore considered to be one of maintaining the pterin ring in a precise location within the active site cavity, small displacements from which cause large changes in the rate of hydride transfer.
